The thermochemical production of hydrogen from lignocellulosic biomass is systematically analyzed by developing environomic models combining thermodynamics with economic analysis, process integration techniques and optimization strategies for the conceptual process design. H 2 is produced by biomass gasification and subsequent gas treatment by reforming, water gas shift and cold gas cleaning, followed by H 2 purification by CO 2 removal. It is shown how the overall efficiency is improved by including process integration computing the optimal utility integration to allow waste heat valorization and combined production of heat and power. In the conversion process, electricity can be generated in steam and gas turbine cycles using the combustion of the off-gases and a Rankine cycle recovering available process heat. Additional electricity can be produced by burning part of the H 2 -rich intermediate or of the purified H 2 product. The trade-off between H 2 and electricity co-production and H 2 or electricity only generation is assessed with regard to energy, economic and environmental considerations. Based on multi-objective optimization the most promising options for the poly-generation of H 2 , power and heat are identified with regard to different process configurations and operating conditions. The best compromise between efficiency, H 2 and/or electricity production cost and CO 2 capture is identified for competitive processes. In a future sustainable energy system biomass based H 2 and electricity reveal to be a competitive alternative.
Introduction
In a future clean and abundant energy system, hydrogen is to be considered as an alternative energy carrier. H 2 is a clean fuel that can be used in combustion engines and fuel cells for electricity generation without CO 2 emissions. Being a secondary form of energy, H 2 does not freely exist in nature and consequently has to be manufactured. Today H 2 is produced essentially by steam methane reforming, coal gasification and in a lesser extent by water electrolysis [1] [2] [3] . The drawback of these processes is that they are using fossil fuels or electricity from non-renewable sources. Within the worldwide challenge of global warming mitigation and energy supply, alternative H 2 production processes from renewable resources have received considerable attention. Different renewable processes are practical using wind, biomass or solar energy [1, 3] . Biomass-based technologies have a high potential because they emit no or very few net CO 2 emissions, if carefully managed, since the released CO 2 was previously absorbed and fixed by photosynthesis. H 2 production from biomass can be divided into two categories; thermo-chemical processes (i.e. biomass gasification and pyrolysis) and biological processes (i.e. biophotolysis and fermentation). An overview of these H 2 production processes from fossil and renewable resources and its economics can be found in [2] . The economic surveys in [2, 4] among with other studies assessing the energy and exergy efficiency of the biomass conversion into H 2 , as well as the influence of operating conditions, show that it is a technical feasible process that could be promising on the future energy market [5] [6] [7] [8] [9] [10] [11] . H 2 yields in the range of 80-130g H2 /kg Biomass are assessed in [9, 10] . Energy efficiencies between 51 and 60% on lower heating value basis and H 2 production cost ranging from 29 to over 40 $/MWh H2 are computed for biomass based H 2 processes in [5] . The performance of some H 2 processes using fossil or renewable resources are compared in Table 1 Instead of producing H 2 from biomass, electricity can be generated in an integrated biomass gasification combined cycle (IBGCC) [13] . Even if there are still some technology challenges, this option contributing to the CO 2 emissions reduction is promising compared to other power plants with CO 2 capture using fossil fuels as shown by the performances in Table 2 . Carbon capture decreases the efficiency of power plants by around 10% points and increases the electricity cost by nearly one third which yields CO 2 avoidance cost in the range of 13-75$/t CO 2,avoided [14] . Another alternative are polygeneration processes co-producing H 2 and electricity. In most of these studies no detailed energy integration is included for maximum heat recovery and valorization. In this paper the thermochemical conversion of biomass into H 2 and electricity will be investigated and optimized with regard to energy, economic and environmental considerations by applying a consistent methodology [16, 17] combining thermodynamics with economic analysis, process integration techniques and optimization strategies for the conceptual process design. The objective is to assess the competition between hydrogen or electricity only production processes and polygeneration with and without CO 2 capture by studying the influence of operating conditions and process configurations. It is focused on the potential process performance improvement by energy recovery and heat valorization for the polygeneration of H 2 , heat and power and captured CO 2 .
Methodology
This paper follows a previously developed methodology for the optimal thermo-economic process design of liquid and gaseous fuel production from biomass [16] [17] [18] . Suitable process technologies are first identified and then thermo-economic models are developed. The thermodynamic model computing the chemical and physical transformations and the associated heat requirements is combined with a separate energy integration model representing the heat recovery system. Based on the pinch analysis methodology the optimal thermal process integration is computed after defining the maximal heat recovery potential from the hot and cold streams and their minimum approach temperature ∆T min . The process needs are satisfied by different utilities such as, combustion of waste and producer gas (PG), Rankine cycle for power production, gas turbine and cogeneration by burning either H 2 -rich fuel or almost pure H 2 . The optimal utility integration is defined by maximizing the combined production of fuel, power and heat with regard to the minimal operating cost by solving a linear programming problem [16, 19, 20] . Using the data from the thermodynamic model the costs are estimated based on equipment sizing and cost correlations from the literature [21, 22] . For the LCA model, the cradleto-gate LCA approach described in [23] is applied with a functional unit of 1 kJ of biomass at the inlet of the installation and the impact assessment method developed by the Intergovernmental Panel on Climate Change (IPCC) considering a time horizon of 100 years for the global warming potential (GWP). The multi-objective optimization approach [16, 24] identifies the relationship between competing objectives with regard to environomic (i.e. thermodynamic, economic and environmental) criteria and assesses the different trade-offs.
Process description
The thermochemical process converting biomass into H 2 fuel consists of wood handling, drying, gasification, gas cleaning and conditioning by reforming and shift conversion, and finally H 2 purification and/or H 2 burning for electricity generation. The general process superstructure represented in Fig.1 summarizes the different technological options for each process step and displays the life cycle inventory (LCI) flows within the system's limits. For the subsequent studies the process layout highlighted in gray is investigated, the other options being not considered at this point. The products are defined by the options chosen at the cross points A and B. Depending on the production purpose and on the fuel which is burnt the process either produces impure or pure H 2 , imports or exports electricity, or is self-sufficient in terms of electricity.
Cold gas cleaning
Hot gas cleaning 
Thermo-economic process model
The thermo-economic models for the drying, gasification and gas cleaning section have been developed in previous work [17, 18] and the same specifications for the biomass and process units are considered in this work. The chemical conversion in the gasifier is modeled by equilibrium relationships with an artificial temperature difference as explained in [18] . After the gasification the syngas is treated in two sequential water gas shift (WGS) reactors (Eq.1) one operating at high (HTS) and one at lower (LTS) temperature, to increase the H 2 and CO 2 concentrations before CO 2 removal reducing the greenhouse gas emissions and producing higher LHV fuel.
For the H 2 separation and purification CO 2 capture by chemical absorption with amines and by physical adsorption by pressure swing adsorption (PSA) are considered. To produce pure H 2 and to capture high purity CO 2 for storage a chemical absorption step is introduced before the PSA unit. For the PSA model the approach outlined in [18] is adapted for H 2 / CO 2 separation based on data from [25] . The chemical absorption with MEA is modeled as a blackbox considering the energy demands for the separation given in [26] and summarized in Table 3 . PSA yields H 2 purities of over 99%mol. The nominal operating conditions of the main process units are summarized in Table 4 . 
Process performance

Performance indicators
The overall energy efficiency ϵ tot defined by Eq.2 characterizes the chemical conversion and the quality of the process integration by taking into account the energy of the products and resources. For the natural gas (NG) equivalent efficiency ϵ eq (Eq. 3) the net electricity that is consumed is substituted by a NG equivalent calculated based on an exergy efficiency of 55%. The H 2 productivity is defined by the H 2 yield (Y H2 ) (Eq.4) and the conversion efficiency ϵ H2 (Eq.5) expressing the production of the H 2 fuel with regard to the biomass resource consumption, without taking into account the electricity import or export. The exergy efficiency ϵ ex is also computed. All the reported efficiencies are expressed on the basis of the lower heating value (∆h 0 , LHV) of dry biomass.
The economic performance is defined by the capital investment and the operating cost estimated according to [21, 22] with the assumptions given in Table 5 . All the performance analyses are performed for a plant capacity of 380MW th,biomass . 
Energy integration
Heat integration and recovery are important with regard to the process performance since several parts of the system operate at high temperature. The minimum energy requirement is computed from the hot and cold process streams through the heat cascade method accounting for the potential heat recovery. Heat is required by the gasification, the endothermic reforming, the water evaporation for gasification and WGS, and the CO 2 capture. The exothermic WGS and the process and offgas cooling down release heat. The heat demands can be satisfied by different utilities. High temperature heat is delivered by the combustion of waste streams (i.e. unconverted char and gaseous residues of the separation and purification sections) and if necessary additional process streams (i.e. hot or cold PG from the gasifier) and depending on the production scope also by the burning of H 2 -rich gas or pure H 2 in a gas turbine to co-produce electricity. In general, the best choice is determined by assembling the potential fuels in a superstructure, integrating the different possibilities and computing the optimal solution by minimizing the operating cost [20] . In the linear programming problem a cost is attributed to the electricity import/export (i.e. [50-270$/MWh]) and to the CO 2 emissions (i.e. 36$/to CO2 , [15-90$/to CO2 ]). Surplus heat can be recovered in a Rankine cycle with an extraction steam turbine/generator to generate additional electricity and supply steam for gasification, steam methane reforming and shift conversion. A cycle with two production, two usage and one condensation level is considered and adapted to the different process configurations with regard to the parameters given in Table 6 . The remaining excess heat is removed by cooling water. The process integration including hot and cold utilities for two different configurations (Table 7 :A&B) producing H 2 is represented in Fig.2 and discussed in detail in Section 4.3..
Process integration analysis
The influence of the heat recovery and the cogeneration systems including the introduction of a steam network, gas turbines or heat pumps is analyzed with regard to H 2 and electricity production and captured CO 2 . Table 7 summarizes the different process scenarios and the computed performances.
H 2 production processes
For the process configurations producing H 2 by biomass conversion different options with H 2 purification and/or carbon capture are considered. The performances are reported by scenarios A-F (Table   0   50 (Table 7 :A& B). y n y y y y y y n y y n y y PSA y y y y y y n n y y y n n n PG burning y y y y y n y y n n n n n n GT H2 impure n n n n n y n n n n n y y y GT H2 pure n n n n n n n n y y y n n n HP n n 7). The energy integration of the process with H 2 separation by PSA and without or with carbon capture by chemical absorption with amines is illustrated in Fig.2 . Since the pinch point is located at low temperature there is no excess heat that can be used in a Rankine cycle. By introducing a heat pump, heat can be transfered to a higher temperature for valorization in a Rankine cycle and consequently the energy integration of the CO 2 capture is improved as shown in Fig.3 (Table 7 :C). The influence of CO 2 capture is studied by the comparison of scenarios B and C (Table 7) . CO 2 capture increases the power consumption considerably by the requirement for the solvent regeneration and the CO 2 compression. The purchase of the capture unit equipments increases the capital investment and consequently the production cost are increased by around one third. Through H 2 purification the H 2 yield is increased by over 10% and the environmental impact is decreased through CO 2 storage. By performing a multi-objective optimization it is shown in Section 4.4. how the performance can be improved further to reach an overall energy efficiency of around 60% with CO 2 capture (Table  7: C opt ) by changing the operating conditions. For these configurations electricity is imported to satisfy the overall process demands. Alternatively, part of the H 2 rich gas and/or H 2 product could be burnt in a gas turbine to cover the power demand and yield a self-sufficient process in terms of heat and power (Table 7 :D). The energy integration of such a scenario is represented in Fig.4 . The self-sufficient H 2 process has a lower H 2 yield since part of the product is used for electricity production which leads to an energy efficiency decrease of more than 10% points. The equivalent efficiency ϵ eq is however increased by around 10% points which shows that the internal electricity production is more efficient than an NGCC. Due to the reduced electricity cost the production cost are slightly reduced, even if the H 2 yield is reduced and the capital investment increased. However, for keeping a higher level of CO 2 capture in the process the production cost would be larger (Table 8 ). In Sections 4.4.&4.5. it is shown that the process can become more attractive by changing the operating conditions and that the economic competitiveness of this option depends highly on the electricity and fuel market prices and the CO 2 taxes. The H 2 purification by PSA (Table 7:C) increases the H 2 purity by around 2.5% compared to the process without PSA (Table 7 :E). The electricity demand and the investment are increased, however the overall impact on the performance is relatively low since the H 2 yield is increased.
Electricity only production processes
Instead of generating H 2 as a final product, electricity can also by produced by burning the H 2 gas products in a combustion engine. Different configurations producing electricity as a final product are assessed (Table 7 :G-J): electricity generation from nearly pure H 2 and electricity generation by the combustion of the H 2 -rich stream after WGS without (scenarios G&I) and with carbon capture (scenarios H&J). H 2 purification and carbon capture adding additional cost, the configuration burning impure H 2 (lower LHV fuel) without CO 2 capture (scenario I) yields the lowest investment cost. The burning of pure H 2 (higher LHV fuel) generates more electricity in the gas turbine which outweighs the additional power consumption for H 2 purification and consequently yields a higher energy efficiency. However, there are still some concerns with regard to flame stability which have to be addressed for high purity H 2 combustion. CO 2 capture leading to a negative CO 2 balance in biomass based processes, reduces the efficiency by around 10% and increases the production cost considerably. The difference in the energy integration for the electricity generation without and with CO 2 capture is reported in Fig.7&8 respectively. In these scenarios the hot utility is satisfied by the heat generated from the gas turbine and by the combustion of waste streams. The computed efficiencies are in the range of the IBGCC power plant efficiency of 33.9% reported in [13] . 
Process optimization
To investigate the trade-off between several competing factors defining the process performance, multi-objective optimization is performed by applying an evolutionary algorithm. The decision variables and their variation range are chosen according to the key process operating conditions and the steam network characteristics reported in Tables 4 and 6 , respectively. Four scenarios are optimized: H 2 production with electricity import (scenario C), self-sufficient H 2 production (scenario D), electricity generation from nearly pure H 2 (scenario H) and electricity generation from H 2 -rich gas (scenario J). First the maximization of the energy efficiency ϵ tot and the minimization of the capital investment are chosen as objectives. The optimal Pareto frontiers are presented in Fig.9 (left). The energy efficiency increase goes in pair with the investment increase. For each scenario the performance of an optimal configuration yielding a high ϵ tot is reported in Table  7 (C opt /D opt /H opt /J opt ). The energy integration and the main operating conditions of the optimal H 2 process designs are represented in Fig.5& 6, respectively. Looking at the equivalent efficiency instead of ϵ tot , the self-sufficient scenario (D opt ) performs better than the one with electricity import (C opt ). Through the optimization the energy efficiency is increased and the cost are decreased compared to the base case scenarios, however the CO 2 capture rate is lower and consequently the environmental benefit is less important. The trade-off between the energy efficiency and the CO 2 capture rate is highlighted by the optimal Pareto frontier resulting from the maximization of the energy efficiency and the CO 2 capture rate ( Fig.9(right) ). With regard to competitiveness a compromise between the different objectives has to be found. The performance of selected optimal configurations yielding relative high efficiency and capture rates are reported in Table 8 . Depending on the biomass and the electricity import/export prices, production cost can become lower as shown in section 4.5.. Compared to fossil power plants (Tables 1& 2) with carbon capture the biomass conversion into electricity and H 2 reveals to be competitive. 
Economic evaluation
The H 2 production cost assessed previously depend strongly on the economic assumptions made in Table 5 . The sensitivity analysis varying the wood cost [10-70 $ /MWh BM ] and the green electricity cost [40-270 $ /MWh e ] shows the influence on the competitiveness of the H 2 production in Fig.10 for the scenarios yielding a compromise between efficiency and CO 2 capture (Table 8 ) and the base case without capture (Table 7 :B). With the initial assumption of 50$/MWh BM up to 60% of the production cost are attributed to wood purchase, whereas a decrease of the resource cost can reduce this fraction to around 20% and reduce the H 2 production cost by nearly 50%. These costs are still slightly higher than the one reported in [5] because of the higher investment cost, especially for the gasifier purchase. Contrary to their approach, the investment estimation method applied here rates the equipment with conventional design heuristics that take the operating conditions into account. As pilot plant data are used as reference for the design parameters of the gasifier, it can be expected to yield realistic figures. The conservative cost estimation might however overestimate the investment and consequently lead to higher production cost. Nevertheless, these biomass based H 2 processes yielding efficiencies of 40-60% and production costs in the range of 65-262$/MWh H2 can become a competitive option with regard to fossil resource depletion and climate change compared to conventional processes using fossil resources (Table 1) . Considering a new hydrogen plant based on fossil resources [14] producing H 2 with an efficiency of 60%, production costs of 28$/MWh H2 and CO 2 emissions of 493kg/MWh H2 as a reference, CO 2 avoidance cost 1 in the range of 45-220$/t CO2 are assessed for the analyzed biomass based processes. In comparison, CO 2 avoidance cost in the range of 2-56$//t CO2 are assessed for fossil H 2 production processes with CO 2 capture in [14] .
1 CO 2 avoidance cost expressed in $/t CO2,avoided are defined by the ratio of the difference of the production cost and the CO 2 emissions for a plant with capture and a reference plant without capture: (Table 7:B & Table  8 ). (Table 7 :G/I & Table  8 ).
For the electricity production processes without CO 2 capture (Table 7 :G/I) and with CO 2 capture (Table 8 ) a sensitivity analysis on the wood cost [10-70 $ /MWh BM ] yields electricity production cost in the range of 89-362$/MWh e . Compared to fossil power plants (Table 2 ) some scenarios with CO 2 capture are promising regarding the future energy market, especially when high CO 2 taxes are imposed. Considering a NGCC plant [14] with an efficiency of 57%, production costs of 40$/MWh e and CO 2 emissions of 360kg/MWh e as a reference, CO 2 avoidance cost in the range of 98-254$/t CO2 are assessed for the analyzed biomass based processes. In comparison, CO 2 avoidance cost in the range of 37-74$//t CO2 are assessed for an NGCC with CO 2 capture in [14] . The market price of electricity, fuel, biomass and CO 2 taxes will define if it is more advantageous to produce H 2 with or without electricity import as final product or to convert the H 2 fuel directly into electricity with or without CO 2 capture.
Environmental impacts
For the life cycle inventory the method from the IPCC (IPCC07) is applied based on the LCI flows identified in Fig.1 . As functional unit 1kJ of biomass is considered in order to make a consistent comparison of H 2 and electricity production scenarios. For the H 2 processes the produced H 2 is substituted with H 2 produced from cracking (95%) and electrolysis (5%) based on the data available from the ecoinvent database [27] . For the electricity impact contribution the Swiss mix for medium voltage electricity production at grid is considered. The amount of CO 2 that is stored is accounted as negative contribution of fossil CO 2 . Regarding the climate change impact of H 2 processes, Fig.12 shows the advantage of CO 2 capture. H 2 production from biomass and CO 2 capture for storage have a negative contribution (n) to the climate change impact which largely outweighs all the other positive contributions (p). For the electricity generation processes the benefit of CO 2 capture on the climate change is highlighted in Fig.13 . A large impact is attributed to the use of rape methyl ester (RME) produced from colza cultivated with insecticides and consumed for the cold gas cleaning, consequently alternative colza cultivation methods and the development of alternative cleaning technologies such as hot gas cleaning have to be analyzed. With regard to CO 2 emissions mitigation, processes based on renewable biomass have a huge potential, especially if CO 2 capture and storage is implemented since this leads to a negative CO 2 balance.
Conclusion
A systematic methodology based on thermo-economic and LCA models coupled with a multiobjective optimization algorithm has been applied to the conceptual design of integrated plants for H 2 fuel, power and heat production. The competitiveness of H 2 and electricity production and coproduction process options are evaluated consistently with respect to energy efficiency, cost and environmental impacts. It is highlighted in particular, how appropriate energy integration and operating (Table 7 :G-J) based on impact method IPCC07 for 1kJ of biomass.
conditions improve the process performance by maximizing the combined production of fuel, heat and power. Based on multi-objective optimizations with regard to energy efficiency and capital investment or CO 2 capture rate, the trade-off between H 2 and electricity generation and CO 2 capture are assessed. LCA analysis underlined the climate change benefit of using renewable resources and capturing CO 2 . Overall energy efficiencies in the range of 60% are reached for H 2 production and around 39% for electricity production with CO 2 capture. Depending on the biomass price evolution H 2 production costs in the range of 65-262$/MWh H2 and electricity production costs in the range of 89-362$/MWh e are assessed. With regard to conventional H 2 and electricity production processes based on fossil resources, CO 2 avoidance costs of 45-220$/t CO2,avoided and 98-254$/t CO2,avoided respectively, are computed. In comparison, the performances assessed in [14] for processes using fossil resources are for a NGCC plant 43-72$/MWh e and 37-74$/t CO2,avoided , and for H 2 plants 27-48$/MWh H2 and 2-56$/t CO2,avoided . The market price of electricity, fuel, biomass and CO 2 taxes will consequently define the competitiveness of biomass conversion into H 2 or electricity with or without CO 2 capture. With regard to a future energy system promoting renewable resources and reduced greenhouse gas emissions biomass based H 2 and electricity production have to be considered as a competitive alternative. 
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